Solar radiation resource data are the foundation of information for programs of large-scale deployment of solar energy technologies. While the solar resource in Saudi Arabia and the Arabian Peninsula was believed to be significant based on limited past data, understanding the spatial and temporal variability requires significantly more data and analysis in order to optimize planning and siting solar energy power plants. This paper summarizes the analysis of the first year of broadband solar resource measurements from a new monitoring network in Saudi Arabia developed by the King Abdullah City for Atomic and Renewable Energy (K.A.CARE). The analysis used twelve months (October 2013-September 2014) of data from 30 stations distributed across the country based on one-minute measurements of Global Horizontal Irradiance (GHI), Diffuse Horizontal Irradiance (DHI), Direct Normal Irradiance (DNI), and related meteorological parameters. Network design, implementation, and data quality assurance are described to document the network extent and quality. For the 30 stations, the annual average daily GHI ranged from about 5700 Wh/m 2 to 6700 Wh/m 2 with consistently higher values inland and lower values along the coasts. This indicates that photovoltaic technologies would perform well at any location although extreme high temperatures (over 30°C annual average in some locations) may degrade the performance of some types of photovoltaic technologies. Annual average daily DNI was much more variable across the stations, ranging from about 4400 Wh/m 2 to over 7300 Wh/m 2 with the highest values and clearest skies in the northwest part of the country. While most regions have sufficient solar resources for concentrating solar technologies, the western inland sites with average daily totals of over 6474 Wh/m 2 (average yearly totals of 2400 kW h/m 2 /year) are superior to the eastern sites with average daily totals closer to 5510 Wh/m 2 (average yearly totals of 2000 kW h/m 2 /year). This first year of data represents the beginning of a deeper understanding of solar resource characteristics in Saudi Arabia and the Middle East. Although continued measurements are needed to understand the interannual resource variability, the current study should have significant applications for preliminary technology selection, power plant modeling, and resource forecasting.
Introduction
The Kingdom of Saudi Arabia estimates the country will need vast energy resources in the coming decades for electricity generation, desalination, and process heat to meet the needs of a rapidly growing population and economy (EIA, 2014) . In order to use petroleum for higher value purposes and export, the Kingdom is planning a sustainable energy mix that includes renewable energy based on local resources. Based on an expected large solar resource, solar energy has long been considered promising in Saudi Arabia (Baras et al., 2012; Hepbasli and Alsuhaibani, 2011) . The King Abdullah City for Atomic and Renewable Energy (K.A.CARE), as the lead Saudi Arabia government agency for renewable energy, is developing the Renewable Resource Monitoring and Mapping (RRMM) Solar Measurement Network in support of large increases to the Kingdom's solar generating capacity, moving toward a sustainable energy mix for the country. As of 2013, the total installed capacity of solar photovoltaic capacity in Saudi Arabia reached 7 MW (Bryden et al., 2013) . New investment in renewable energy in the Middle East and North Africa (MENA) region was estimated at USD 9 Billion in 2013, representing an almost tripling of investment compared to two years prior (McCrone et al., 2014) , making the region a small but rapidly growing market. Several major solar Photovoltaic (PV) and Concentrating Solar Power (CSP) plants were commissioned in the MENA region during 2013 and 2014, in Saudi Arabia along with Jordan, Kuwait, and the United Arab Emirates, and several governments in the region have launched tenders or signed purchase agreements (REN 21, 2014) .
Whether globally, regionally, or locally in Saudi Arabia, successful solar technology development and power project implementation relies, in part, upon understanding the available solar resource and its temporal, spatial, and spectral characteristics. For project deployment, characterization of the solar resource drives technology selection and project design, and represents the largest source of uncertainty in power project output estimates with implications for financing terms and returns on investments (Schnitzer et al., 2012) . Thus, accurate measurements of the solar resource, along with environmental conditions such as ambient air temperature and dust levels which affect project output, are critical to project deployment. Further, best practices in solar resource measurement are well-established, such as those documented by Sengupta et al. (2015) .
The current projects in Saudi Arabia have been launched with very limited or outdated measured solar resource data, relying instead on data estimated from satellite-based observations of the atmosphere. While this may be acceptable for the small-scale projects launched so far, a major expansion as planned requires accurate long-term ground-based resource data. With ground-truthing from measured data, satellite-derived model estimates of solar resources can offer more accurate spatial models of solar resources over a long-term time series than either ground-based measurements or satellite-derived estimates alone. Satellite-derived estimates of solar irradiance are particularly in need of ground measurements to improve performance in areas with complex terrain, such as between urban and rural areas, coastal and inland areas, and mountain and valley areas (Perez et al., 2013) .
This paper presents an analysis of the first year of solar resource data from a new ground-based monitoring network in Saudi Arabia. The RRMM Solar Measurement Network will be the most extensive and in-depth effort in the MENA region. The network operates in the context of other established global and country-level monitoring networks, such as the Baseline Surface Radiation Network (BSRN) which incorporates 58 stations and has operated since 1991 (McArthur et al., 2005) . Existing major country networks also influenced the network design, such as the United States Department of Energy's Atmospheric Radiation Measurement (ARM) Program (Stokes and Schwartz, 1994) and the Australia Bureau of Meteorology solar monitoring program (Forgan, 1996) . More recent monitoring networks provide similar country-level examples, such as those deployed in India, South Africa, and United Arab Emirates (UAE) (Blanksby et al., 2013; Kumar et al., 2014) . Integration of such ground-based data with satellite-based models can provide a comprehensive and accurate characterization (on the order of ±4% for annual GHI and ±7% to 8% for annual DNI, globally) of solar resources (Eissa et al., 2012; Hoyer-Klick et al., 2011; Alobaidi et al., 2014; Cebecauer and Š ú ri, 2012) . This characterization then provides input for solar resource planning tools, such as the System Advisor Model (NREL, 2015) and PVSYST (PVSYST, 2015) , and facilitates policy, planning, research and development, and project deployment.
For Saudi Arabia, up until 2013, only limited solar resource data were available from a historic monitoring network operated by King Abdulaziz City for Science and Technology , along with some university-collected data (e.g., El-Sebaii et al., 2010) . These critical data provided early insights on solar resource levels, and supported satellite-based model validation, but also illuminated the challenges of network operation in a country with a land area over 2 million km 2 that experiences periods of significant airborne dust and extreme heat. Neither the satellite-based nor historic ground-based data fully characterized the solar resource in Saudi Arabia, especially given the country's regional climatic variations and concern about the impact of elevated dust levels and ambient temperatures on system performance (Said et al., 2004; Alnaser et al., 2004; Huraib et al., 1996; Stoffel et al., 2013) . A Saudi Arabia-wide monitoring network that began deployment in January 2013 is filling this gap, designed to provide publicly available data for three major purposes: immediate data for project developers, data for solar resource tool development, and data for satellite-model development and validation. The monitoring network is unique in the MENA region, providing more breadth (number of stations) and depth (number of parameters) than smaller scale monitoring programs in Qatar, UAE, and Kuwait (Bachour and Perez-Astudillo, 2014; Eissa et al., 2012; Hepbasli and Alsuhaibani, 2011; Al-Abbadi et al., 2002; Al-Rasheedi et al., 2012 . The network is also unique within Saudi Arabia, providing a complementary dataset to data from solar test fields at King Saud University and King Abdullah University for Science and Technology, for example).
The paper summarizes network design, implementation, and data quality assurance, and includes a complete analysis for the first 12 months of data. It also highlights challenges and approaches for measurement networks with applicability to the broader MENA region.
Data gathering and analysis methods
The data used in this paper is the first full year of broadband solar resource measurements (Global Horizontal Irradiance [GHI] , Diffuse Horizontal Irradiance [DHI] , and Direct Normal Irradiance [DNI] ) and associated atmospheric data collected by a subset of the RRMM Solar Measurement Network, a new ground-based monitoring network in Saudi Arabia, accessed via the interactive, web-accessible Saudi Arabia Renewable Resource Atlas (K.A.CARE, 2015) . Since this is a new network, this section briefly describes the network design and instrumentation, along with the standard data collection and quality assurance procedures and the analysis methods for this paper.
Network design and instrumentation
Multiple needs for accurate ground-based measurements of solar radiation and relevant atmospheric parameters formed the basis for the network design, to achieve the following goals: Support immediate prospecting by potential solar resource power project developers. Improve satellite-based solar resource assessment models. Support the development of analysis tools for assessing and predicting solar resource levels and technology performance characteristics. Support atmospheric research into unique climate characteristics of Saudi Arabia.
The network design and instrumentation were driven by the needs for solar component data, their spatial and temporal relationships, and the link to technologies that may be deployed in Saudi Arabia. Solar radiation can be transmitted, absorbed, or scattered by an intervening medium in varying amounts depending on the wavelength over the approximate range of 300-3000 nm. Complex interactions of the Earth's atmosphere with incoming solar radiation result in three fundamental broadband components of interest to solar energy conversion technologies (Stoffel et al., 2010) : Direct normal irradiance (DNI) -Direct (beam) radiation available from a 5°field of view across the solar disk on a surface oriented normal to the sun's position in the sky. Measurements of DNI are made with a pyrheliometer mounted in an automatic solar tracker. This solar component is of particular interest to concentrating solar technologies such as Concentrating Solar Power (CSP) and Concentrating Photovoltaic (CPV) systems. Diffuse horizontal irradiance (DHI) -Scattered solar radiation from the sky dome except from the solar disk (i.e., not including DNI) on a horizontal surface. Measurements of DHI are made with a shaded pyranometer. Levels of DHI are generally lower under clear (blue) sky conditions than under partly cloudy (white) sky conditions. DHI data are helpful for estimating the Plane-of-Array (POA) irradiance, automating data quality assessments, and architectural daylighting design applications. Global horizontal irradiance (GHI) -Total hemispheric or geometric sum of the DNI and DHI components available on a horizontal surface. GHI measurements are made with an unshaded pyranometer. GHI data represent the amount of solar radiation incident on horizontal flat plate solar collectors, and can be used alone or in conjunction with DNI, DHI, and albedo (reflected ground irradiance) to estimate the solar radiation on tilted flat plate collectors.
These basic solar components are related to the solar zenith angle (SZA) by Eq. (1):
Guided by an international K.A.CARE Advisory Group, three basic instrument configurations, or Tiers, were established for measurement stations in the new Network as listed in Table 1 . A total of approximately 53 stations are planned for the network, which is undergoing the final phase of construction in 2015. The total number of stations, and composition and distribution by Tiers, was selected to meet the network goals while optimizing cost-benefit performance and ease of installation and maintenance. Fig. 1 shows the solar monitoring network design.
Station site selection required both a macro-scale siting to scientifically identify the general area (within approximately 25 km) where a station is desired, and micro-scale siting to identify specific plots of land or building rooftops that meet requirements for infrastructure, security, and solar access. The macro-scale station siting criteria for Tier 1 and 2 stations focused primarily on capturing variability within complex terrain, such as urban-rural, coastal-inland, and mountain-valley transition areas, and also providing broad spatial coverage including areas with high resource potential and population centers. For Tier 1 and 2 station siting, consideration was also given to maintaining continuity with historic data at solar station locations previously operated by King Abdulaziz City for Science and Technology, especially for the 5 stations deemed to have the highest quality measurements, to support analyses of inter-annual variations of long-term solar resources . A very limited set of Tier 3 station locations was identified, focused on locations with a high likelihood of being acquired and developed with a solar power plant, commensurate with the objective of Tier 3 stations to capture the variability of the solar resource within likely power plant locations.
The micro-scale siting of measurement stations focused on identifying sites for which clear land ownership and site security and equipment maintenance could be ensured. Thus, most stations were sited at partner institutions (such as universities, colleges, and government partners) that were visited beforehand to ensure partner commitment, adequate space for the station type, security, and solar access (no obstructions year-round within 5°of the horizon to the east and west, and no obstructions year-round within 10°of the horizon to the north and south).
Leveraging existing infrastructure was a major consideration for micro-scale siting, especially for Tier 1 (Research) stations. Whereas Tier 2 (Mid-Range) stations have the advantage of not requiring power or internet connection at the site, Tier 1 stations require custom power and communication infrastructure to be in place along with a significantly larger footprint. Siting stations on existing building roofs was found to be the most efficient option to leverage existing support structures, and power and communication, as applicable. A memorandum of understanding was signed between each station host and K.A.CARE clarifying rights and responsibilities, and paid contractor staff were identified in the vicinity of each station to perform required maintenance in accordance with training protocols, in coordination with station hosts.
Three Tier 2 pilot monitoring stations were installed local to Riyadh to test the training, installation, and data flow processes, and to engage stakeholders early on in the monitoring process. Stations were installed by trained crews in accordance with specified layouts, written standards, and equipment manufacturers' recommendations. Then additional stations were constructed, beginning with training installation sessions, and focused initially on the self-sufficient Tier 2 (Mid-Range) stations with confirmed station hosts. Site commissioning reports were prepared for all stations, and a majority of sites were field validated using measurement comparisons with reference thermopile-based pyrheliometers and pyranometers under clear-sky conditions.
The data for this paper comes from a subset of the Tier 1 (Research) and Tier 2 (Mid-Range) station locations, solely utilizing data from rotating shadowband radiometers (RSRs) and associated atmospheric measurements. Due to their relative simplicity in installation and operation, and proven field performance (Vignola et al., 2012) , RSR were installed first in the network buildout process at all Tier 2 station locations with confirmed hosts, and at a subset of Tier 1 station locations to support field comparisons with higher accuracy thermopile instruments. RSRs are powered by a single PV module and automatically transmit data via cellular modem to a central data management system. The RSR design-based on the use of LI-COR Model LI-200 pyranometers-was selected because of the balance it provides between ease of installation (typically accomplished within 2 days) and operation (self-powered and communicates via cellular modem), its reduced maintenance requirements, and quality of data . Table 2 shows details of the Tier 2 (Mid-Range) instrumentation. As noted above, all data from Tier 1 locations used in this paper are solely from the RSR instruments installed at those stations.
Station operation and maintenance
The proper operation and maintenance of solar resource monitoring stations, along with documentation of these practices, is critical for producing reliable solar resource measurements. K.A.CARE follows a protocol such that cleaning and maintenance are carried out twice weekly for RSRs as per best practices developed by the U.S. Department of Energy's National Renewable Energy Laboratory (Stoffel et al., 2010) . Major tasks during cleaning and maintenance included cleaning all sensors and checking leveling and connectivity. Instrument calibration is planned to be conducted every two years as per manufacturer recommendations; the instruments will be sent to the manufacturers to perform the calibration. No calibration was required during the one-year study period of this paper.
Station maintenance is a major factor in determining the uncertainty of the solar resource data. The RRMM uncertainty method-which is undergoing final development-is applied for each solar resource measurement to provide a full characterization of the data. Deriving uncertainty for instantaneous measurements follows the Guide to the Expression of Uncertainty in Measurement (GUM) method (BIPM, 2008) . The uncertainty process includes estimated errors arising from intervals between cleanings (i.e., potential sensor soiling), filling of any corrupted or missing data (which mostly occurs during cleaning of sensors), three component flags from SERI QC (Maxwell et al., 1993) as well as the nominal uncertainty of the instruments. The nominal uncertainty utilized for the RSR is ±5% (Vignola et al., 2012) . The final uncertainty for aggregated data of greater time scales will be determined using an expanded U95 confidence methodology applied to the 1-min data points, including the additional sources of possible error as described for the one-minute data. Final uncertainty values using the completed method will be the subject of a future paper.
Data collection and quality assurance
Raw data from all solar monitoring stations were gathered by the K.A.CARE Measurement and Instrumentation Data Center (MIDC) for collection and storage, automated initial quality review, and display in near real time (within a few seconds of a one-minute reading at the station) to assist in quickly identifying offline stations or problems with particular instruments. K.A.CARE opted for a more robust data quality approach by installing a secondary pyranometer of the same make/model to provide redundant measurements of GHI at all Tier 2 stations. The redundancy of the sensors serves two major purposes:
The first purpose is that when the sensors are reading in disagreement beyond expected uncertainties, one of the sensors may have an issue, triggering an investigation and appropriate corrective action. The second purpose is that a portion of the assigned uncertainty is generated by utilizing the redundant sensor via the 3 component test mentioned in the previous section. Further post-processing involved both manual and automated validation and quality assessment using NREL's SERI QC procedures (Maxwell et al., 1993) . Data was quality-assured on a daily basis, which involved visual inspection of all resource and station operation data via graphs to ensure data is within established limits and follows plausible patterns. The daily schedule helps identify operational problems to minimize the detrimental effects of corrupted data. The automated program SERI QC was also utilized to analyze the three components of solar radiation, utilizing the secondary redundant sensors, and view long-term trends and parameter ratios. Short durations of data anomalies that occurred during verified cleaning periods were filled with values through interpolation or calculating a third solar component from two others. Any remaining data gaps of more than 1.5 h were flagged as missing data. Aggregated values were not calculated for periods where more than 20% of measured data was missing (e.g., due to equipment malfunction) for a given station and aggregation period. Once such data was quality assured, filled, and aggregated to different temporal resolutions, it was then made available for analyses such as this one, and also made available to the public through an online interactive portal (K.A.CARE, 2015) . On this portal, temporally aggregated (monthly and coarser) data are provided for free, and high resolution data (daily and finer) require payment of a fee. Fig. 2 depicts the flow of solar resource data from collection to dissemination.
Data analysis methods
The data used in this study are the GHI, DNI, DHI, and ambient air temperature data from the network's first 30 installed RSRs covering the period from October 1, 2013 until September 30, 2014. Monthly, daily, and hourly average data were obtained primarily from the Renewable Resource Atlas of Saudi Arabia (K.A.CARE, 2015). Data from 23 of the stations were serially complete, and for the other 7 stations there were no more than 6 days of missing data. The quality of the data from these stations was reviewed to ensure it was within acceptable limits, and to check for unusually high errors, corrupted data, or excessive missing data.
The distribution of the 30 stations included in the study is depicted in Fig. 3 . Table 3 lists the latitude, longitude, and elevation of each station.
The data were analyzed to determine trends and patterns by station and region. The average daily total radiation (energy, in Wh/m 2 ) was calculated for GHI, DNI, and DHI, to assess the overall magnitude of the solar resource at each site and within each region. The dates and values of maximum and minimum daily total radiation (GHI, DNI, and DHI), along with the standard deviation of average daily total GHI and DNI, were analyzed to identify resource variability and temporal patterns.
Ratios between solar components were also calculated to characterize clearness-a function of scattering or (Vignola et al., 2012) . Stakeholders could use this ratio as the basis for ranking the "clearest" sites. The cleaning and maintenance records for each station were also analyzed to assess overall data quality levels, and adherence to the prescribed maintenance performance schedule. Finally, due to the implications for PV system output and operating conditions for instrumentation, the average monthly temperature and maximum monthly temperatures were calculated for each station and region to be used as a general guide for users interested in comparative temperatures among sites.
Where possible, calculations and graphics were obtained directly from the Renewable Resource Atlas to leverage its utility in supporting such analysis. Additional required calculations were performed using R and Excel, and geospatial data was handled using QGIS.
Results and discussion
The analysis includes assessment of the daily solar irradiation data from each measurement location, an evaluation of clearness, and findings from other parameters.
Summaries by station and region (DNI, DHI and GHI)
The first analysis was to review the average daily totals of GHI, DNI, and DHI across the 1-year study period to understand patterns by station, region, and month. As shown in Table 4 , in order to identify regional patterns, the stations were loosely grouped based on geography, with the large number of stations in the West further subdivided to distinguish coastal from inland stations.
The plots in Fig. 4a show the average daily total irradiance results by station and region for all three solar components. Note that the number of stations within each region varies, with the Southern Region having the fewest stations (two) and the Central Region having the most stations (ten). Fig. 5 shows the extent of intra-annual variability of the mean daily radiation within the Network with Based on the first year of measurements, the %COV of the annual mean daily total irradiances summarized in Fig. 5 indicate the network-averaged DNI varies nearly 50% more than GHI. Significantly larger DNI variability is expected because of the effects of high aerosol loading and clouds on the direct beam. These daily total variability statistics can be useful for understanding the impact of a variable resource on the output consistency of flat plate PV and concentrating solar systems. Comparing regional statistics presented in Fig. 4b , the average daily total GHI over the study period shows a variation of almost 800 Wh/m 2 among regions, with mean daily total values in the eastern region being the lowest (regional average of 5874 Wh/m 2 ) and mean daily total values in the southern region being the highest (regional average of 6647 Wh/m 2 ). This relatively small range of values indicates consistency of GHI throughout the country, with inland stations generally having slightly higher average daily totals than their coastal counterparts, likely linked to increased cloudiness and water vapor in many coastal areas. The high average daily total GHI values at southern region stations can be traced to consistency throughout the year (never dropping below a daily total of 2841 Wh/m 2 ) rather than high peak values, since stations in other regions actually showed higher peak average daily total values. The highest average daily total GHI value recorded was 8864 Wh/m 2 on 26 May 2014, at Timaa in the Western Inland region (the region which reported the highest maximum daily total GHI values followed closely by the Fig. 8b . Regional averages of monthly mean daily ratio of DHI/GHI by station. Central region). The average daily total GHI of most stations peaked in June, but peaked as early as April 30 and as late as July 21 at certain stations. The map in Fig. 6 illustrates the geographic distribution of average daily total GHI.
The variability of average daily total DNI over the study period among stations is relatively high, with a variation of 3000 Wh/m 2 . This variability can be attributed to different levels of clouds, humidity, dust, and pollution (and possibly fog, sea salt particles, etc.). The stations in the northwestern portion of Saudi Arabia (northern end of the Western Coastal and Western Inland regions), at Hagl, Umluj, Duba, Al Wajh, Timaa, and Tabuk, have the highest average daily total DNI, all above 6500 Wh/m 2 (and up to 7372 Wh/m 2 average daily total DNI at Tabuk). These high values are likely linked to the clear sky days (few clouds and little dust) often experienced in the northwestern portion of the country. These stations are primarily but not exclusively in coastal areas, with Tabuk being approximately 125 km inland. Peak individual daily total DNI values were also recorded in the Western region, with values above 11,000 Wh/m 2 at Hagl on the northwest coast, and farther inland at Tabuk and Taif (the highest station in the study, at 1518 m). The average daily total DNI of most stations peaked in March through June, but peaked as early as February at some Central Region stations and tended to peak later at Western stations. The earlier peak of DNI in the Central Region is likely linked to dust storms in this region which increase in spring and summer, reducing DNI during this period.
The lowest average daily total DNI values over the study period were also generally seen in coastal areas (farther south on west coast, and along the east coast), including Al Jubail, Dammam, Al Qunfudah, Jeddah, Thuwal, Osfan, and Hada Al Sham. Clouds, high humidity, air pollution, dust, and potentially fog likely contribute to lower average DNI values in these areas. Two additional stations of note for their average DNI values being on the order of 5-10% lower than nearby stations in less-populated areas are the K.A.CARE Headquarters and Al Kharj stations. These stations are in highly urbanized and industrialized (respectively) areas of Riyadh (Central Region), likely tied to localized air pollution effects. The map in Fig. 7 illustrates the geographic distribution of average daily total DNI.
The variability of average daily total DHI over the study period among stations is 1100 Wh/m 2 , also tied to the factors influencing DNI. As expected, the DHI generally forms a pattern opposite to the DNI pattern, such that the stations and regions with higher DNI values have lower DHI values due to less atmospheric scattering of the radiation. Several stations in the northwest show the lowest Fig. 11 . Annual average station temperature. average daily total DHI values. As for high daily total DHI values, in addition to occurring in the regions with low DNI as noted above, the Central and Southern Regions also have comparable, relatively high DHI values, likely linked to dust in these dry environments. (Note: Optically thin cirrus clouds can also contribute to high DHI values.) In fact, the highest individual daily total DHI (5996 Wh/m 2 ) was recorded at the Al Uyaynah station outside of Riyadh (Central Region) on 14 July 2014 on a cloudless day with apparently high atmospheric dust loading.
Clearness analysis
Comparisons of the mean daily values of diffuse (DHI) and global (GHI) are indicative of the scattering of direct (DNI) radiation due to clouds, aerosols and other atmospheric constituents (Vignola et al., 2012) . Fig. 6 relative to the rest of the network. The coastal station at Al Qunfudhah is among the lowest elevations (20 m) in the network, and high humidity levels are recorded here (average relative humidity of 70%) compared to the nearest stations, as shown in Fig. 9. 
Station maintenance
Station maintenance and cleaning was prescribed to be carried out twice per week for the RSRs on a set schedule, where the periods between cleanings alternate between two or three days. Using such a schedule, an average of 2.5 days between cleanings is the overall target for RSR maintenance. The twice weekly cleanings are a conservative interpretation of experience gained from network operations in the United States. Further study of local conditions and Saudi Arabia's climate may help determine a more optimal schedule for each station. Fig. 10 shows the adherence to this target for each station. Of the 30 stations in this study, 23 did not meet the target standard, although they were not far off, with the worst having an average of 3 days between cleanings. This can be attributed to three factors: (1) Holiday periods when many host institutions are gated and access to the equipment was not possible, (2) station startup procedures where the logistics of maintenance personnel, station access, and final training were still being resolved, and (3) occasional lapses in the maintenance schedule due to weather, technician illness, scheduling, or unusual access problems. The remaining seven stations that met or surpassed the target average are locations where Tier 1 equipment was later installed, and the RSR was cleaned for a portion of the year according to the Tier 1 maintenance schedule of five days per week.
Additional parameters
The annual average (24-h) temperature recorded at each station during the study period is show in Fig. 11 . Table 5 lists the annual average temperatures along with the maximum average daily temperature at each station, also based on 24 h of data each day. Note that the data presented in 
Conclusions
K.A.CARE has designed, implemented, and maintains the RRMM Solar Measurement Network, a new network of solar measurement stations to meet their objective of deploying a significant capacity of solar energy technologies in Saudi Arabia. This resource monitoring network has been specifically designed to meet the objective of improving available data and models of solar resources in Saudi Arabia to support power project developers, researchers, and policy decision makers. To that end, the network has used the latest equipment and protocols for operations and maintenance, and tiered the station capabilities as appropriate to achieve spatial coverage and sufficient maintenance in remote locations. This paper summarizes the first year of data from 30 stations across Saudi Arabia, producing several key findings about both the solar resource characteristics and the network design and operations. GHI values are high at all locations in the country with relatively low variability. This indicates that GHI values are well-suited for strong photovoltaic (PV) technology performance at any location with relatively low levelized cost of electricity. However, extreme high temperatures (over 30°C annual average in some locations) may degrade the performance of some types of photovoltaic technologies, and dust settling requiring frequent panel cleaning is possible in some areas and seasons, so other environmental parameters should be a key consideration in siting PV plants.
DNI levels were more spatially variable due to a combination of dust, clouds, and pollution, and are closely linked to the average direct normal atmospheric attenuation calculated for each station (DHI/GHI ratio). The northwest region of Saudi Arabia had higher DNI values and clearer skies. While most regions exceed the generally accepted minimum yearly total of 1800 kW h/m 2 /year threshold for concentrating solar technologies (daily total of 4960 Wh/m 2 ), the western inland sites with over 6774 Wh/m 2 (yearly total of 2473 kW h/m 2 /year) are superior to the eastern sites with daily totals closer to 5510 Wh/m 2 (yearly total of 2011 kW h/m 2 /year) (Mü ller- Steinhagen and Trieb, 2004) . While resource levels should be a key factor, especially for the early deployments, population centers that are located throughout the central part of the country will be important to consider for utility-scale concentrating solar technology deployment.
Preliminary analysis such as presented in this paper can have a strong influence on decisions such as technology selection and location of solar power plants. The types, quality, and quantity (temporal and spatial resolutions) of the network are suited for providing adequate solar resource information for the deployment of utility-scale solar electric generation systems. However, it should be noted that one year of data is insufficient to understand interannual variability of solar resources. Continued operation of the network over multiple years is needed to assemble a data period of record suitable for establishing long-term resource climatologies. Similarly, assessment of solar resources for a location not represented by the network of stations would likely require additional monitoring for establishing bankable data.
This paper represents only a fraction of analysis that can be done with this dataset and of other research on solar resources in the Arabian Peninsula. As the next stage, detailed analysis could be done at each station location combined with local knowledge and other environmental datasets, and comparison could be made to other solar resource assessments in the region. Also, the Clearness Index could be calculated for each station, to further identify seasonal and regional patterns. In addition, the rich datasets from the Tier 1 stations could provide a wealth of insights, such as the effect of dust on the irradiance or the reliability of solar and meteorological equipment. More broadly, these data can be compared with and incorporated into existing and new satellite-based models to improve estimation of resource at all locations. The full implementation of the network design will bring online more broadband and spectral irradiance data needed to further validate satellite-based models and support forecast development. In addition, the near-real time collection of solar resource data will be very valuable for creating and validating solar resource forecasts to support utility scale plant operation and electric grid integration of solar-based power generation.
